Apoptotic DNA degradation could be initiated by the accumulation of single-strand (ss) breaks in vulnerable chromatin regions, such as base unpairing regions (BURs), which might be preferentially targeted for degradation by both proteases and nucleases. We tested this hypothesis in antiFas-treated apoptotic Jurkat cells. Several nuclear proteins known for their association with both MARs and the nuclear matrix, that is, PARP, NuMA, lamin B and SATB1, were degraded, but the morphological rearrangement of the BURbinding SATB1 protein was one of the earliest detected changes. Subsequently, we have identified several genes containing sequences homologous to the 25 bp BUR element of the IgH gene, a known SATB1-binding site, and examined the integrity of genomic DNA in their vicinity. Multiple ss breaks were found in close proximity to these sites relative to adjacent regions of DNA. Consistent with our prediction, the results indicated that the initiation of DNA cleavage in antiFas-treated Jurkat cells occurred within the BUR sites, which likely became accessible to endonucleases due to the degradation of BUR-binding proteins.
Introduction
DNA cleavage and the associated collapse of chromatin structure have long been considered to be the fundamental biochemical and morphological hallmarks of apoptosis. Despite the well-established history of these critical events, the molecular mechanisms that initiate the nuclear breakdown processes have not been fully elucidated. Apoptotic DNA cleavage produces a characteristic pattern of both high and low molecular weight fragments. Initially, large 50-300 kbp DNA fragments are generated and, as degradation progresses, oligonucleosomal ladders are produced, at least in some cell types. 1, 2 The large DNA fragments are thought to arise from the cleavage of DNA domains at matrix attachment regions (MARs) and may result from the accumulation of single-strand (ss) breaks introduced in the vulnerable DNA regions in contact with the nuclear matrix. [3] [4] [5] [6] [7] Many chromatinassociated proteins, such as DNA topoisomerase II, PARP, NuMA, lamin B, SAF-A and SATB1, have been shown to undergo site-specific proteolysis during apoptosis. [8] [9] [10] [11] [12] [13] This process can be temporally linked to the initiation of DNA cleavage, suggesting that the latter may be a consequence of the loss of a protective protein coating.
The organization of chromatin within the eukaryotic nucleus involves the attachment of DNA loops to the nuclear matrix at AT-rich sequences located at the base of the loop. These sequences are known as scaffold or matrix attachment regions, S/MAR. [14] [15] [16] Although MARs can be found throughout the genome, they are often located at the boundaries of transcription units near enhancer regions or within origins of DNA replication. Typically, MARs of several kilobases are found at the borders of chromatin domains, whereas shorter elements occur within certain enhancers or in introns. 15 Based on information assembled in a database on scaffold/ matrix attached regions, 17 the mean length of a MAR sequence is approximately 2 kb. MARs contain short elements, approximately 150-200 bp, called base unpairing regions or BURs, which under negative superhelical strain, potentiate the unwinding of DNA strands. 18, 19 Although no primary consensus sequence for BURs has been identified, it has been documented that they contain a core unwinding element of approximately 25 bp. The unwinding element consists of ATC tracts, which confer both the base unpairing properties and high-affinity binding to the nuclear matrix.
DNA degradation has not been explored. We predicted that degradation of BUR-binding proteins renders DNA at these specific sites vulnerable to initial cleavage events during apoptosis. We have used a well-characterized model of apoptosis, the anti-Fas treatment of Jurkat cells, to explore this link.
From a Blast search of the Genbank database, we selected a number of genes, namely high-mobility group phosphoprotein (HMG), c-myc proto-oncogene (MYC), protamine gene cluster (protamine 1, protamine 2 and transition protein, PRM), pyruvate dehydrogenase alpha subunit gene (PDH) and low molecular weight acid phosphatase (red cell type, RCL), which contain sequences highly similar to the 25 bp BUR element of the IgH gene and known SATB1-binding site. 21, 27 Subsequently, we have shown by electrophoretic mobility shift assay (EMSA) and Southwestern (SW) blotting (SW) that these sequences interacted with a subset of nuclear proteins and that this binding was compromised in cells undergoing apoptosis. Furthermore, using ligation-mediated PCR (LM-PCR) we obtained evidence for the accumulation of ss DNA breaks in close proximity to these sites, relative to adjacent stretches of DNA. To our knowledge, this is the first evidence that identifies BUR elements as the sites where the initiation of DNA cleavage in apoptosis might occur.
Results

Temporal correlation between nuclear proteolysis and endonucleolysis
Jurkat cells undergo apoptosis readily in response to anti-Fas treatment. However, cell death is an asynchronous process and, at present, there is no clear understanding of whether the cell-cycle-related changes in chromatin influence the molecular mechanisms of DNA degradation. In order to avoid this complication, we have blocked DNA synthesis in Jurkat cells by an overnight aphidicolin treatment prior to the induction of apoptosis. This treatment blocked approximately 80% of the cells in G1 without any negative effect on their viability, as measured by MTT assay (data not shown). These synchronized cells were subsequently treated with anti-Fas antibody. A loss of cell viability became noticeable after 3 h, and more pronounced after 4 h of treatment. At this time point, approximately 35% of the cells were dead (Table 1) . However, apoptotic DNA fragments of 50 kb and smaller were already clearly seen in samples isolated after 2 h of antiFas treatment (Figure 1a ). These DNA fragments were subjected to further analysis by two-dimensional DNA electrophoresis with a denaturation step in alkaline buffer preceding conventional electrophoresis in the second dimension. This procedure reveals the presence of ss breaks in cleaved DNA fragments. 7, 28 Indeed, the denaturation treatment resulted in the liberation of a smear of ss fragments of all sizes, not only from the apoptotic DNA fragments but also from the high molecular weight DNA, which remained in the well after the PFGE separation (Figure 1b , indicated by arrows). There was no significant number of ss DNA breaks in the control sample.
The integrity of the nuclear proteins SATB1, PARP, lamin B and NuMA was assessed by Western blotting (Figure 2 ) using cells subjected to the same experimental treatment. Although caspase-mediated proteolysis of these proteins during apoptosis has been previously reported, [8] [9] [10] [11] 29 this experiment was performed to compare their degradation kinetics with that of DNA. Activation of nuclear proteolysis was evident after 1 h of anti-Fas treatment (Figure 2 , lamin B, NuMA). Within 3 h of the treatment, all four proteins underwent extensive degradation, producing breakdown products characteristic for each; that is, 65 kDa for SATB1, 85 kDa PARP, 46 kDa for lamin B and 220/ 200 for NuMA. Therefore, at the 2 h time point when the cells were still viable but the large apoptotic DNA fragments and a significant level of ss DNA breaks were already present (Figure 1 ), the integrity of the nuclear proteins was also seriously compromised ( Figure 2 ).
Alteration in nuclear SATB1 staining
We have recently reported that a loss of nuclear SATB1 staining and an associated change in its functionality occurred Figure 1 Two-dimensional analysis of DNA fragmentation. DNA from control and 2 h anti-Fas-treated (100 ng/ml) Jurkat cells was processed in agarose plugs and analysed by PFGE in a first dimension (a) and by CAGE in a second dimension (b), as described in the Materials and Methods section early in thymocyte apoptosis. 29 Here we report a similar phenomenon in anti-FAS-treated Jurkat cells (Figure 3) . In control cells, SATB1 immunostaining was pannucleoplasmic, excluded from nucleoli and confined within the nuclear interior defined by the lamin B staining (Figure 3a and b, lamin BFgreen, SATB1Fred). Following anti-Fas treatment, the cells begin to lose a significant portion of the SATB1 signal, some as early as 30 min after the treatment (Figure 3c ). An increasing proportion of cells passed through this stage by 2 h of the treatment. This loss of SATB1 signal preceded the collapse of chromatin and the loss of lamina and nuclear envelope structures ( Figure 3c , lamin BFgreen; SATB1Fred). Double labelling of the cells for DNA breaks using terminal deoxynucleotidyl transferase (TdT)-mediated nick and labeling (TUNEL) and SATB1 revealed the existence of DNA breaks prior to the obvious morphological alteration in SATB1 (Figure 3e ; TUNELFgreen, SATB1Fred); evidently, no such breaks existed in control untreated cells (Figure 3d) . However, the maximal TUNEL labelling was seen in cells that had lost the SATB1 signal almost completely. In these cells any remaining nuclear SATB1 was detected in the remnants of the nucleoplasmic space (Figure 3f ). 
Selection of genes containing BUR-like elements
The appearance of DNA breaks throughout the nucleus concurrent with the loss of SATB1 nuclear staining (Figures 2  and 3 ) implied the existence of numerous SATB1-binding sites in the genome. Indeed, the presence of additional SATB1-binding DNA sequences in vivo has been recently reported. 30 We have extended this search further, by performing a Blast search of the Genbank database for genomic sequences with a high similarity to the wellcharacterized 25 bp BUR sequence of the mouse IgH gene. We selected five human genes that contained a short AT-rich sequence highly similar to the bona fide SATB1-binding BUR site. They are listed in Table 2 . These clusters of ATC were typically present on one DNA strand in the noncoding regions, consistent with the context of the core BUR element. Synthetic complementary oligonucleotides were used to demonstrate the ability of these sequences to bind nuclear proteins in two in vitro assays, EMSA and SW hybridization ( Figure 5 ). The binding of the IgH enhancer BUR site is shown in Figure 5a -c and the binding of a putative BUR-like site of the c-myc gene in Figure 5d and e. Under the EMSA conditions, both probes, IgH ( Figure 5a ) and c-myc (Figure 5d ), formed protein complexes when incubated with nuclear proteins from control cells (lane 1 in both panels). Furthermore, there was also a significant decrease in the intensity of the retarded bands in the 2 h anti-Fas-treated samples, indicating a loss of DNA-binding activity (lane 2 in Figure 5a and d), coinciding with the advanced proteolytic degradation of nuclear proteins at this time point (Figure 2 ). SW blotting was also performed to establish the molecular identities of the protein(s) interacting with these sequences (Figure 5b , c and e). Typically, the BUR site of the IgH gene labelled a single protein of approximately 103 kDa, shown previously to be SATB1. 29 However, if the gels were subjected to a renaturation step in 4 M urea to remove SDS following the PAGE and prior to protein electrotransfer, not only was the binding of the probe to SATB1 more efficient, but an additional band of approximately 60 kDa was also clearly labelled by the probe (Figure 5c ). The identity of this protein is unknown at present. The same effect of the gel renaturation step was true for the c-myc probe, and the results shown in Figure 5e were obtained from a renatured gel. The c-myc probe recognized and labelled two protein bands and the probe binding to the smaller protein of approximately 60 kDa seemed significantly stronger than that to the larger one of approximately 103 kDa, as judged by the band intensities. These protein-binding interactions were also altered in the 2 h anti-Fas samples (lane 2, Figure 5c and e). The labelling intensities of both the 103 and 60 kDa bands were markedly reduced and, in the case of the c-myc probe, an additional protein band of approximately 45 kDa appeared in parallel ( Figure 5e , lane 2). Combined, the data presented in Figure 5 showed a loss of protein(s) capable of binding to BUR regions in Jurkat cells undergoing Fas-induced apoptosis.
Genome integrity in the proximity of BUR-like sequences
We employed PCR amplification of genomic DNA to examine the intactness of the genome in the proximity of these putative IgH  TCTTTAATTTCTAATATATTTAGAA  HMG TTCTAAATATATCATAAAATTA-AG * * *** * * *** * *** * IgH TCTTTAATTTCTAATATATTTAGAA MYC TTTTT---TTCTATTGTTTTTAGAA * *** ***** * * ******* IgH TCTTTAATTTCTAATATATTTAGAA PRM ---TTAATTTCTAATCTTTTTACAA ************ * **** ** IgH TCTTTAATTTCTAATATATTTAGAA PDH TTTCC--TTTCTAATATATT-AAGA * * ************* * * IgH TCTTTAATTTCTAATATATTTAGAA RCL TGTTCAATTTCTAATATAT--AGAG * ** ************** *** BUR sites (Table 3 ). The analysis was performed on total genomic DNA isolated from both control, untreated Jurkat cells and cells treated with anti-Fas for 2 h (Figure 6 ). For each gene, primers were designed to amplify both the region spanning the BUR-like element (Figure 6a , primers CS and CP) and the adjacent sequences outside these sites (primers OS and OP, Figure 6a ). All primers used for PCR amplifications are listed in Table 3 . Using primers spanning the BUR sites, we consistently obtained more PCR product from the control than from the 2 h anti-Fas-treated samples for all five genes examined (compare lanes 1 and 2 in all panels). On the other hand, the outside primers amplified equal amounts of PCR product in both DNA samples (compare lanes 3 and 4 in all panels).
Detection and mapping of ss DNA breaks by LM-PCR
The inability to amplify equal amounts of PCR product from control and apoptotic DNA with primers spanning the BUR sites clearly pointed out that the integrity of these sites was compromised. The question was whether DNA breaks were generated in the proximity of these sites. To establish this, we applied the LM-PCR method to amplify all DNA fragments from the gene-specific primers (SGSPs and GSPs) to any break point present on the DNA strand, as described in the Materials and Method section and outlined in the schematic diagram shown in Figure 7 . All primers used for LM-PCR are listed in Table 3 . The results presented in Figures 8 and 9 show radiolabelled band patterns, each band representing one SS break in the analysed DNA samples. These bands were much weaker or completely absent in the control DNA samples (compare lanes 1Fcontrol and lanes 2F2 h anti-Fas). We have detected multiple DNA breaks in each of the genes analysed (Figures 8 and 9a) . The presence of the breaks on the antisense DNA strand was also examined, since the break accumulation at the same position on both strands would produce a de facto double-strand (ds) break. As shown in Figure 9b , bands representing multiple breaks were also observed on the antisense DNA strand.
We also performed LM-PCR with T4 polynucleotide kinasetreated DNA to establish the nature of the strand ends (Figure 9c ). Since the synthetic linker adapter used for the LM-PCR does not contain a phosphate group on either end, the 5 0 end of the genomic DNA must carry a phosphate group; otherwise, the ligation would not take place and PCR amplification would not proceed. We have obtained the same LM-PCR band pattern from both kinase-treated and untreated genomic DNA (Figure 9a and c) , indicating the presence of phosphate groups on the 5 0 DNA ends. The exact position of each break was calculated according to the size of each band, which was determined by running a known DNA sequencing reaction alongside the radiolabelled LM-PCR products. For two of the studied genes, c-myc and HMG, we have mapped the positions of all detected breaks on both DNA strands, relative to each other and to the putative BUR protein-binding site. The results are presented graphically in Figure 10 . Most of the breaks were single stranded, generated by a nuclease without sequence specificity. Frequently, the breaks on opposite strands were as close as one or two base pairs apart, which would result in the generation of double-stranded fragments. The cleavage was detected more frequently at certain sites, as evidenced by a higher intensity of these bands. These are indicated by asterisks in Figures 9a, b and 10a , b. The distance between the cleavage sites showed no apparent pattern. Breaks were found both inside the putative core BUR sequence and as far as 200 bp away from it.
Discussion
It is generally accepted that proteolysis of nuclear proteins plays a role in the collapse of nuclear structure and compartmentalization of the nuclear remnants into apoptotic bodies during the final stages of apoptosis. 31 However, in many cell types undergoing apoptosis in response to a variety of agents, the degradation of nuclear matrix proteins, most notably those involved in the maintenance of normal chromatin structure, can be detected concurrently with HMW DNA cleavage and before ultimate nuclear collapse, 11, 25, 29, 32 suggesting that these two degradative processes are interlinked. The data presented in this manuscript are consistent with this statement, since the proteolysis of NuMA, lamin B, PARP and SATB1 and the appearance of both ss and ds DNA breaks in anti-Fas-treated Jurkat cells were detected simultaneously and prior to the detectable loss of cell viability. This raised the question of whether the proteolysis of a specific subset of nuclear proteins, such as BUR-binding proteins, could contribute to the accessibility of these sites to endonuclease(s). Indeed, while we detected site-specific cleavage of NuMA, lamin B, PARP and SATB1 (Figure 1) , examination of these antigens at the single cell level by confocal microscopy revealed that only the morphological reorganization of the BUR-binding SATB1 protein occurred prior to nuclear collapse and concurrently with the initial DNA cleavage (Figures 3 and 4) . This is consistent with the recent study of Galande et al. 29 which showed that the SATB1-DNA interaction has been fundamentally altered early in the apoptotic process. This is because caspase-6-mediated SATB1 cleavage separates its DNA-binding domains from a PDZ domain, which is involved in protein dimerization. SATB1 in its monomeric form is unable to bind to DNA. 29, 33 Another MAR-binding protein, SAF-A, is also cleaved during apoptosis and loses its DNA-binding capacity, although in this case the cleavage occurs within the DNA-binding domain. 34 There have been a number of reports in the literature suggesting that initiation of apoptotic DNA cleavage occurs at matrix attachment regions. 6, 7, [35] [36] [37] The first supporting evidence came from studies that establish that high molecular weight DNA fragments of 50 and 300 kb, produced in early stages of apoptosis, represent structural domains of chromatin, loops and rosettes, respectively. 1, 7 It was then suggested that topoisomerase II, located at matrix attachment sites, is responsible for this cleavage since inhibition of its activity generated the same pattern of DNA fragments. 6, 38 However, others have shown that the activation of endogenous and several exogenous nucleases also results in DNA digestion in the proximity of MARs and produces similar sets of high molecular weight 50 and 300 kb fragments as those generated by topoisomerase II inhibitors. 7, 36 More direct evidence that MARs are specific targets for early DNA cleavage came recently from the study of Khodarev et al. 39 These authors performed a directional cloning of DNA ends corresponding to high molecular weight chromatin fragments produced during radiation-induced apoptosis, and found them to contain ATrich MAR-like sequences.
This vulnerability of MARs to endonucleolysis might stem from either their unique and nuclease-accessible secondary structure or, alternatively, it might be due to the compromised functionality of the nuclear matrix, particularly its DNA-binding components. Our results and those of others 11, 25, 29, 32 support the latter model. Indeed, the proteolytic process activated during apoptosis targets many nuclear matrix proteins, disrupts normal interactions between MAR sequences and MAR-binding proteins, and could render DNA at these sites vulnerable to the initial cleavage events. Thus, MAR-binding proteins protect DNA from endonucleases, and only when their integrity is altered during the apoptotic process is the exposed DNA cleaved. Additional supporting evidence for this claim comes from the study of Peitsch et al., 4 who reported earlier that single-stranded DNA cuts during apoptosis are much less frequent in DNA wrapped around core histones than in the linker region. In addition, the study of Cairns and Murray 40 showed that the interaction between DNA and transcription factors also protects DNA from the effects of DNA-damaging agents. Although both these studies relate to oligonucleosomal DNA cleavage, they support the notion that DNA-protein interactions protect DNA from degradation.
Although MARs have been identified as the genomic regions targeted by nucleases in apoptosis, it is not known exactly where these initial DNA cleavage events occur. The cleavage sites have not been precisely mapped, due to a significant heterogeneity in MAR sequence and size as well as errors in sizing the apoptotic DNA fragments which, under the PFGE resolution, could be several kilobases. 7, 36, 37 Our approach was to use LM-PCR to map precisely the cleavage sites in the genomic sequences selected based on their high similarity to the SATB1-binding site sequence within the IgH gene enhancer region, their base content (i.e., A+T-rich, clustering of ATC exclusively on one strand) and location in noncoding regions of the genome. These features are considered to be characteristic for the core-unwinding element of BURs. 15, 21, 22 Although we do not have direct proof for their BUR function in vivo, published data show that the putative BUR elements of c-myc and PRM gene cluster Table 3 . Lanes 1 and 3: genomic DNA isolated from control untreated cells; lanes 2 and 4: genomic DNA isolated from 2 h anti-Fas-treated cells; M: molecular size marker were present within previously identified MAR regions. The PRM sequence was located among several consecutive ALU repeat units and in close proximity to the MAR sequence, 17, 41 and the c-myc sequence was within the identified MAR and next to the p25 protein binding site described by Chou et al. 42 We have established, however, using in vitro assays, EMSA and SW hybridization that all these sequences were capable of protein binding. This binding was decreased in cells undergoing apoptosis ( Figure 5 ). Furthermore, conventional PCR analysis of genomic DNA fragments containing these putative protein-binding sites revealed that these regions were under-represented in DNA samples from apoptotic cells (Figure 6 ). Therefore, if the protective DNA-binding proteins, such as SATB1, were degraded, these sites were likely to be targeted by endonuclease(s).
A close analysis of the cleavage sites revealed that the endonuclease, which produced these ss breaks, had no sequence specificity; the cuts were introduced irregularly and produced the characteristic for apoptosis 5 0 -P and 3 0 -OH DNA ends. From this, we concluded that it was not the base composition of BURs that determined the cutting sites, but rather the loss of proteinaceous protection permitting increased accessibility of the DNA to endonuclease(s) that was the critical factor.
The identity of the endonuclease responsible for this event is not known. However, considering the fact that this is an early event in the apoptotic process, it is likely that it was carried out by an enzyme constitutively present in the nuclei. Although both acidic DNaseII and neutral DNaseI are capable of digesting DNA at MARs in permeabilized cells, 36 neither DNaseII nor DNaseI are nuclear enzymes. A more likely candidate might be the DNaseI-like nuclease described in the literature as DNaseY/DNaseg/LS-DNase/DNA1IL3, [43] [44] [45] [46] which we have found constitutively expressed in many cell types and tightly bound to chromatin. This enzyme is capable of generating both ss and ds DNA breaks. A contribution of the CAD/ICAD nuclease system (DFF40/DFF45) to the degradation process cannot be completely ruled out, 47 although its role in the generation of apoptotic HMW DNA fragments is somewhat controversial. For example, the absence of HMW DNA cleavage was reported in ICAD/DFF45-deficient mouse fibroblasts undergoing apoptosis in response to TNF and in staurosporine-treated Jurkat cells expressing caspase-resistant ICAD/DFF45. 48, 49 In contrast, targeted disruption of the Figure 7 Schematic outline of the LM-PCR procedure. The first gene-specific primer GSP1 was extended with Vent DNA polymerase. The ds blunt end DNA was then ligated with the staggered linker DNA. The first round PCR was performed by extending the newly synthesized first strand DNA to displace the short-strand linker DNA with Taq DNA polymerase, so that this strand could be a part of the rest of the PCR reaction. A total of 18 cycles of PCR was completed after adding GSP2 and linker primers to the reaction, and the final PCR cycle was done by adding a [ 32 P]-labelled GSP3 primer into the reaction. The radiolabelled PCR products were visualized on a polyacrylamide DNA sequencing gel. The solid lines represent DNA strands; dashed lines indicate DNA strands that no longer form part of the reaction; the short hatched bar shows the linker adapter strand that is actually ligated to the genomic DNA; the long hatched bar denotes the newly synthesized DNA strand Figure 8 Detection of multiple ss breaks in selected genomic sequences. LM-PCR products from four different genes, HMG, PRM, PDH and RLC, obtained using the GSP set of primers, which detected DNA breaks on the sense strand. Each band represents one ss DNA break. The size of each band was determined based on the known DNA sequencing reaction run alongside the radiolabelled LM-PCR (not shown). Lane 1: control, lane 2: 2 h anti-Fas-treated cells CAD/DFF40 gene (deletion of the entire reading frame) in chicken DT40 cells, treated with etoposide or staurosporine affected only oligonucleosomal but not HMW DNA degradation. 50 In conclusion, although both proteolysis and endonucleolysis are responsible for nuclear destruction in apoptosis, it seems that protease-mediated early degradation of a specific subclass of DNA-binding proteins, such as the BURbinding protein, increases the accessibility of endonuclease(s) to these conformationally unstable DNA sequences. Initially, this results in the generation of ss breaks and, subsequently, to ds DNA fragmentation. The existence of ss breaks in apoptotic DNA fragments has been clearly demonstrated (Figure 1) . 7, 51, 52 The rate of nuclear proteolysis might also be a factor determining the extent of DNA fragmentation, since rapid protein degradation and collapse of nuclear structure might stop DNA cleavage at any given stage. This would explain the fact that DNA degradation never proceeds to completion and that the DNA ladder is not always observed even in cells containing nucleases capable of internucleosomal DNA cleavage.
Materials and Methods
Experimental treatments
Human acute T-cell leukaemia Jurkat cells (ATCC T1B152) were grown in RPMI 1640 medium supplemented with 10% foetal calf serum (both from Gibco BRL, Burlington, ON) and 10 mg/ml gentamycin sulphate (Sigma Chemical Co., St. Louis, MO, USA). Experimental treatments were initiated when cells reach a density of approximately 500 000 cells/ml. Cells were synchronized in G1 by a 16 h treatment with 2 mg/ml of aphidicolin (from a 10 mg/ml stock in DMSO; Sigma Chem. Co.), added directly to the freshly changed medium. Apoptosis was induced by the subsequent addition of 100 ng/ml of mouse monoclonal anti-Fas antibody (Upstate Biotech. Inc., Lake Placid, NY, USA).
Cell viability assays
Cell viability was assessed by MTT (3,[4,5-dimethylthiazol-2-yl] 2,5-diphenyl-tetrazolium bromide) assay, performed as described by Hansen et al. 53 The formation of blue formazan product was quantified from its absorbance at 570 vs 630 nm using a Titertech 96-well multiscanner EAR-400AT (SLT-Labinstruments, USA). The results were expressed as the percentage of control readings obtained from untreated cells.
Analysis of DNA fragmentation
Two-dimensional gel electrophoresis of DNA was performed exactly as previously described. 28 
Protein extraction
Nuclear proteins were extracted as described by Testolin et al. 54 Total cell extracts were prepared by cell lysis in RIPA buffer (50 mM Tris-HCl, pH 7.4, 150 mM NaCl, 2 mM EDTA, 0.1% SDS, 1% sodium deoxycholate, 1% Triton X-100).
Western blotting
Approximately 60 mg of total cellular proteins were separated by 10% SDS-PAGE and electrotransferred onto a nitrocellulose membrane, as previously described. 44 The blots were probed with the following primary antibodies: rabbit polyclonal anti-lamin B (dilution of 1 : 2000, kindly provided by Dr. HJ Worman, College of Physicians and Surgeons of University of Columbia, NY, USA), mouse monoclonal anti-NuMA (A-204, dilution of 1 : 1000, Matritech, Cambridge, MA, USA), rabbit polyclonal anti-SATB1 (dilution 1 : 5000) 21 and mouse monoclonal anti-PARP (dilution 1 : 5000, courtesy of Dr. G Poirier, Faculty of Medicine, Laval University, QC). The antigens were detected using alkaline phosphataseconjugated secondary antibodies: goat anti-mouse-IgG (dilution 1 : 2000), donkey antirabbit IgG (1 : 5000), both from Promega, Madison, WI, USA and the complexes were revealed by a colorimetric reaction using BCIP/ NBT substrates (KPL, Gaithersburg, MA, USA).
Immunofluorescence staining
Cells, settled on poly-L-lysine-coated coverslips, were fixed in 3% paraformaldehyde (JB EM Services Inc., Pointe Claire, Dorval, PQ) and permeabilized in 0.2% Triton X-100 (Pierce/ Chromatographic Specialties Inc., Nepean, ON), as previously described. . For double staining, antibodies were applied sequentially and 0.15% gelatin (BioRad, Mississauga, ON) was used as a blocking solution. Finally, nuclei were counterstained with 1 mg/ml of Hoechst 33258 (Sigma) and coverslips were mounted onto slides. The slides were examined using a LeicaWilde-Leitz confocal laser scanning microscope. The images were processed using the system's software and Adobe Photoshop 5.5.
In situ labelling of DNA breaks by TUNEL assay DNA breaks were visualized by TUNEL essentially performed as described by Gavrieli et al. 55 Cells, fixed and labelled with either anti-SATB1 or anti-lamin B, were incubated for 1 h at 371C with 300 U/ml TdT in cacodylate buffer (Gibco BRL) containing 10 mM biotin-16-dUTP (Boehringer Mannheim, Laval, PQ) and visualized with 10 mg/ml FITC-or CY3-conjugated streptavidin (Jackson ImmunoResearch). The cells were examined on a Leica-Wilde-Leitz confocal laser scanning microscope and images were processed using the system's software and Adobe Photoshop 5.5.
EMSA and SW
Complementary strands of oligonucleotides (Table 2) were synthesized by the phosphoroimidate method on an Applied Biosystem 8905 Synthesizer. They were annealed and 3 0 -end labelled using the Klenow fragment of DNA polymerase I, [ 32 P]dATP and [ 32 P]dGTP (specific activity 800 Ci/ mmol, NEN, Mississauga, ON). The probes were purified using Nick columns (Amersham Pharmacia, Baie d'Urfe, QC). The EMSA was carried out as previously described. 56 The SW hybridization technique was adapted from a previously described method. 56 Briefly, nuclear proteins, approximately 60 mg/lane, were separated by 10% SDS-PAGE, renatured for 2.5 h at room temperature in 10 mM Tris-HCl pH 7.4, 50 mM NaCl, 2 mM EDTA, 0.1 mM DTT and 4 M urea, and electrotransferred onto nitrocellulose membranes. The filters were blocked for 1 h at room temperature with 5% (w/v) milk powder in a blocking buffer and incubated for an additional 3 h at room temperature with 0.2-0.5 mg of 3 0 -endlabelled ds oligonucleotides (10 5 cpm/ng), and 200 mg of poly(dI-dC) (Pharmacia) in 20 ml of the blocking buffer. The filters were washed twice with the blocking buffer without NaCl, followed by the final rinse in 10 mM Tris, 1 mM MgCl 2 , pH 8.0. They were air dried and autoradiographed on Kodak Biomax MS films.
Isolation of genomic DNA
Genomic DNA was isolated according to the procedure described by Ausubel et al. 57 RNA contamination was eliminated by treatment of the DNA with 4 mg of RNase A for 30 min at room temperature. The DNA was further extracted with phenol/chloroform and precipitated with ethanol. The genomic DNA was then digested with selected restriction enzymes, chosen to avoid cutting of the DNA within the stretches amplified by the PCR and LM-PCR primers used (Table 3 ). The digested DNA was again purified by phenol/chloroform extraction and was precipitated with ethanol. This step was introduced in order to assure that both control and apoptotic DNA were equally fragmented and thus equally accessible to the primers and the DNA polymerase during the PCR steps.
PCR and ligation-mediated PCR
The sequences of all PCR primers, their location and the expected fragment sizes are listed in Table 3 .
For the conventional PCR, a 20 ng/sample of the digested DNA template was used. The primers used to amplify intact DNA fragments spanning the SATB1-like binding site were designated CS for the sense strand and CP for the antisense strand and, to amplify DNA fragments outside the protein-binding site, OS and OP, respectively (Figure 6a ). The PCR was performed as follows: one denaturation cycle at 941C for 5 min, followed by 35 cycles of 941C for 1 min, 601C for 1 min and 721C for 50 s. In the last cycle, the products were kept at 721C for an additional 5 min. One-fifth of each reaction was separated on a 1% agarose gel, stained with ethidium bromide and photographed.
The LM-PCR was performed using a modified protocol described by Ausubel et al. 57 Sense, gene-specific primers (SGSPs) were used to detect ss breaks on the antisense strand of the genomic DNA and gene- Figure 10 Mapping of ss DNA breaks in the selected regions of c-myc and HMG genes. The exact position of each break was calculated according to the size of the LM-PCR product. Solid lines represent DNA strands; the hatched box indicates the putative protein binding site; arrows illustrate the direction and relative position of the PCR primers used; arrow heads indicate the positions where DNA breaks were detected; asterisks highlight the DNA breaks that were detected more frequently and were represented by a more intense band on the autoradiographs. The distances between the LM-PCR primers (GSP3 and SGSP3) and the protein-binding sites are also indicated specific primers (GSPs) to identify ss breaks on the sense strand of the genomic DNA. The assay was performed using 2 mg per sample of restriction digested genomic DNA. The DNA was denatured and first annealed with the GSP1 primers. The first-strand synthesis was accomplished with Vent DNA polymerase (NE Biolabs, Beverly, MA, USA). The ds blunt end DNA was then ligated with the staggered linker DNA. The first round PCR reaction was performed by extending the newly synthesized first DNA strand at 721C for 3 min in the presence of 0.5 ml of the advantage Taq DNA polymerase (Clontech, Palo Alto, CA, USA), to displace the short-strand linker DNA so that this DNA strand becomes the template for the remaining PCR cycles. Following addition of the GSP2 and the linker primers, a further 18 PCR cycles were completed and the final cycle was done in the presence of [ 32 P]-labelled GSP3 primers. The [ 32 P]-labelled PCR products were visualized on a polyacrylamide DNA sequencing gel with a known DNA sequencing reaction running along the side to determine the size of each PCR product. In a parallel experiment, the restriction enzyme-digested DNA was phosphorylated with 10 units of T4 polynucleotide kinase (NE Biolabs, Beverly, MA, USA) prior to the LM-PCR reaction. The steps required for the completion of LM-PCR are outlined in Figure 7 .
